The recent papers arXiv:1110.0971 and arXiv:1201.5431 have provided a superfield description for vector-tensor multiplets and their Chern-Simons couplings in 4D N = 2 conformal supergravity. Here we develop a superform formulation for these theories. Furthermore an alternative means of gauging the central charge is given, making use of a deformed vector multiplet, which may be thought of as a variant vector-tensor multiplet. Its Chern-Simons couplings to additional vector multiplets are also constructed. This multiplet together with its Chern-Simons couplings are new results not considered by de Wit et al. in hep-th/9710212. 
Introduction
The vector-tensor (VT) multiplet [1, 2] is an off-shell representation of N = 2 supersymmetry with central charge, similar to the Fayet-Sohnius hypermultiplet [3, 4] . Its physical fields consists of a real scalar, a vector and an antisymmetric gauge field and a doublet of Weyl spinors. The multiplet may be viewed as a dual version of the N = 2 Abelian vector multiplet, obtained by dualizing one of the two physical scalars of the vector multiplet into a gauge two-form. However they have different auxiliary fields: a real isotriplet for the vector multiplet and a real scalar for the VT multiplet. From the point of view of N = 1 supersymmetry, the VT multiplet consists of a vector and a tensor multiplet [5] . 1 On the other hand, the N = 2 vector multiplet decomposes into a sum of a vector and a chiral multiplet.
Interest in the VT multiplet was revived in the mid-1990s [7] , when its significance in the context of string compactifications was realized. In rigid supersymmetry the VT multiplet and its nonlinear version discovered in [8, 9] have become the subject of various studies in components [8, 9] and in superspace [10, 11, 12, 13, 14, 15, 16] . In particular, a general harmonic superspace formalism for rigid supersymmetric theories with gauged central charge was developed in [16] .
An exhaustive analysis of VT multiplets and their Chern-Simons couplings to vector multiplets in supergravity was given in [17] , with the use of superconformal tensor calculus. As pointed out by the authors of [17] , a superfield formulation was desired due to the complicated structure of their component results. Such a superfield formulation has only appeared recently in [6, 18] , after suitable superspace formulations for N = 2 conformal supergravity were developed [19, 20] .
In [6] the rigid supersymmetric results of [16] were extended to conformal supergravity within the superspace formulation of [19] . This work presented two different sets of consistent constraints for the VT multiplet, the linear and non-linear versions constituting the two inequivalent cases of [17] . In principle the superspace formulation of [19] is sufficient to describe the VT multiplet, however it turned out that the superconformal formulation of [20] has a covariant derivative algebra that is simpler to work with, although it possesses a more complex structure group, SU(2, 2|2). It provides a direct link to the methods of superconformal tensor calculus used by [17] . In fact, Ref. [18] has made use of this formulation to lift the results of [17] to superspace, recast them in a simpler more symmetric form and verify that the results in [6] describe the two inequivalent cases. However, the geometric origin of the constraints remains obscure.
In our opinion, a more geometric approach is to develop a superform description for the VT multiplet by requiring its gauge one-form and two-form to be component projections of gauge superforms. The key difference with other superspace approaches is that it makes manifest the existence of two gauge fields (the one-form and the twoform), without the need to go to components. It should be mentioned that superform formulations for the VT multiplet (and its Chern-Simons couplings) have been explored in [10, 11, 13] , where a complex central charge was used in flat central charge superspace to describe the original VT multiplet. 2 In Ref. [10] a geometric description of the one-form was achieved through a basic complex spinorial superfield, W i α , constrained to yield the appropriate component structure. An alternative description in terms of 2-form geometry was given in [11, 13] , where the basic superfield L describing the VT multiplet appeared explicitly in the construction and was constrained similarly. Although this approach has lead to a description of the basic VT multiplet in flat superspace, a superform description for the VT multiplet models of [17] still remains.
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This paper fills the gap in understanding of the geometric origin of the constraints found in [18] . We provide a superform formulation, differing from the formulations of [10, 11, 13] on some points. Firstly we employ a gauge one-form and two-form interacting via Chern-Simons couplings. Secondly we use a real central charge, which is sufficient for all known applications. A remarkable property of this formulation is that it allows the superfield constraints of [18] to be derived entirely from simple superform constraints. This paper is structured as follows. Section 2 provides a discussion of how to gauge a real central charge in N = 2 conformal supergravity and the basic superform structure that will be used in the paper. Section 3 includes a discussion of the VT multiplet constraints in supergravity and gives its superform description in terms of one-form and two-form geometry, deriving the constraints for the VT multiplet from the Bianchi identities. The superform formulation turns out to be very powerful and in section 4 it will be seen that there is a possibility of gauging the central charge with a gauge potential with non-trivial action under the central charge. This leads to a new one-form and two-form formulation, providing one with constraints that describe a new locally supersymmetric multiplet with Chern-Simons couplings to vector multiplets. The simplest case reduces to the VT multiplet discovered by [24, 25] in flat superspace.
Some technical appendices are also included. Appendix A contains a summary of the conformal supergravity formulation of [20] . Appendix B contains a useful note on solving Bianchi identities. A brief discussion of a 5D interpretation for central charge superspace is presented in appendix C. Our notations and conventions follow those in [26] (and are summarized in [18] ).
Gauging the central charge with a vector multiplet
In this section we review how to gauge the central charge in conformal supergravity and describe gauge p-forms possessing central charge transformations.
Setup
We will use the superspace formulation for N = 2 conformal supergravity developed in [20] as reformulated in [18] (see appendix A). To gauge the central charge we use a standard N = 2 vector multiplet introduced via gauge covariant derivatives
where V A is the gauge connection for the vector multiplet and ∆ is a real central charge.
We require that the central charge obey the Leibniz rule and commute with the covariant derivatives [∆,
which requires V A to be annihilated by the central charge, ∆V A = 0. The gauge-covariant derivative algebra is then
where the torsion and curvature remain the same as those of ∇ A , and F = 1 2
is the field-strength for the gauge connection,
The presence of the one-form potential in the gauge covariant derivative algebra leads to the Bianchi identity for the field strength
We then impose at mass dimension-1 the standard vector multiplet constraints [27] 
where Z is a primary superfield with dimension 1 and U(1) weight −2,
The Bianchi identities may then be solved giving
8a)
where Z is a reduced chiral superfield
and we define
We note the following useful identity:
In what follows we may also make use of additional abelian vector multiplets, W, which are described by a similar two-form field strength with the same constraints except with Z replaced with W.
Supergravity transformations and superforms
The supergravity transformations are realized on the gauge covariant derivatives as 12) where gauge parameters satisfy natural reality conditions. Given a primary tensor superfield U (with suppressed indices), its supergravity transformation is
From the local central charge transformation, parametrized by C, we can deduce the central charge transformation of V A
Associated with the gauge covariant derivative ∇ A is the gauge covariant exterior differential
In addition to V with the property ∆V = 0, we introduce a new gauge one-form, V = E A V A which is not annihilated by the central charge, ∆V = 0. We define the transformation law of V to be (compare with [17] ) 15) with Γ the gauge parameter associated with V. The field strength
The one-form geometry for a vector multiplet may be thought of as a special case of the above formulation.
Similarly we may introduce a gauge two-form, B = where the coupling constant, η, can be used to couple the one-form to the two-form. 4 We define the transformation law of B to be (compare with [17] ) The Bianchi identities for the field strengths introduced are
A remarkable feature of this superform structure (which reduces in components to the results of [17] ) is that it is possible to rewrite it formally by treating the central charge as a covariant derivative with respect to an additional bosonic variable, z. To see this we first note that the condition (2.2) allows us to write
Now the superform equations (2.21) and (2.22), when written in terms of Lorentz indices, may be grouped together with the introduction of calligraphic index labels, i.e. A = (A, z), where z is thought of as corresponding to the central charge. Making the identifications
we may extend the Bianchi identities (2.21) and the additional equations (2.22) to
These equations appear as 5D Bianchi identities and a brief discussion of their 5D interpretation is given in appendix C. This 5D form involving calligraphic indices and with the identification made will be used in the next section for the VT multiplet, where we refer to them as the Bianchi identities for the one-form and two-form respectively.
3 Vector-tensor multiplet in supergravity
In this section we introduce the VT multiplet via its superfield. Making use of the superform formulation of the previous section, we will show that the superfield constraints follow from simple constraints on the one-form and two-form geometry.
Vector-tensor multiplet
The general superfield construction of [18] , which agrees with the component construction of [8, 9, 17] is described in terms of a scalar superfield, L. It must be coupled to the central charge vector multiplet, Z but can also interact with a number of additional vector multiplets, W I with I = 2, · · · , n. It was noted in [18] that the superfield constraints on L may be written in a symmetric form in terms of
where
The superfield L satisfies three constraints. The first constraint may be written as
where the constraint forÎ = 2, · · · , n just follows from the chirality of W I and Z.
The second constraint is
where the constraint forÎ = 2, · · · , n follows from Bianchi identities satisfied by Z and W. An interesting note made in [6, 18] , as a generalization of an observation in [16] , was that the second constraint may be motivated from the first by considering a consistency condition. To see this we make use of harmonic variables u +i and u
, and demand L to be independent of the harmonics
+i is one of the left-invariant vector fields on SU(2). Applying successive gauged central charge covariant derivatives, 6) to the above condition and using the (anti-)commutation relations for the covariant derivatives gives the consistency requirement
This restricts the constraints possible for L. Imposing the first constraint leads one to consider the constraint
which is clearly satisfied by the second constraint (3.4).
As we will see the first two constraints are enough to guarantee the existence of a gauge one-form, they do not however imply the existence of a gauge two-form. The gauge two-form requires a third and final constraint. This constraint was found in [18] 
where the quantities GÎĴ ij are defined by 10) and the numeric coefficients ηÎĴ are given by
The observation that the constraints for L can be rewritten entirely in terms of YÎ highlights the observation made in [9] . That is, that there exists a symmetry in the constraints. Furthermore, it is possible to make redefinitions of L
where c I is some real constant, that leave the constraints of the same form (with redefined η parameters). In [18] this was used to show that the non-linear case with Chern-Simons terms (η 1A = 0) may be taken as the general case.
It is worth noting that the quantities GÎĴ ij are related to the Lagrangian for the VT multiplet [18] . 6 On their own they represent a composite linear multiplet, being primary and satisfying the condition
They correspond to a total derivative in the action. In fact, they are generated from the general VT Lagrangian in [18] via constant shifts in the real part of W I /Z.
Gauge one-form
In order to describe the one-form contained in the VT multiplet, we will make use of the one-form formulation introduced in subsection 2.2. The field strength, F , for the gauge one-form, V, is constrained by the Bianchi identity 14) with the identifications defined in subsection 2.2. Inspired by the vector multiplet, we impose the constraints 15) where the central charge vector field, Z, is used to absorb the dilatation and U(1) weight of the superfield L, which we only assume to be real. The Bianchi identities then lead to the constraints on L,
The remaining components of F are found to be
After having derived the components given above, the final Bianchi identities
18)
7 We use the shorthand α = i α andβ =β j .
can be seen to be identically satisfied by making use of the following consequences of the constraints (3.16) (see also appendix B):
We have constructed a one-form that is expressed in terms of the basic superfield L. The geometry uncovered clearly highlights the relationship of the first constraint (3.3) and second constraint (3.4) for the VT multiplet with the one-form in the theory, ensuring its existence.
Gauge two-form
To describe a general VT multiplet coupled to several vector multiplets, W I , we make use of a straightforward generalization of the two-form construction presented in subsection 2.2, by coupling corresponding gauge one forms, V I , to the two-form, B. Denoting the set of one-forms by VÎ = (V, V I ) and their corresponding field strengths by FÎ = (F , F I ), the three-form field strength is now defined by 20) with ηÎĴ given by (3.11). It follows that H obeys the Bianchi identity 22) whereH is only assumed to be a real superfield. The Bianchi identities lead to an additional constraint on L ηÎĴ GÎĴ ij = 0 , (3.23) and constrain the lower mass-dimension components to be
together withH
The higher mass-dimension components are more complex
. ,
The last few Bianchi identities 27) can also be seen to be identically satisfied.
The one-form and two-form geometry discussed in this section is a main result of this paper. Remarkably the complex component expressions of [17] , described by the constraints on L, may be recovered entirely from a simple looking superform structure and constraints on field strengths. Moreover, the precise relationship of the constraints for L with its form geometry is seen; the first and second constraints, (3.3) and (3.4), imply the existence of a one-form and the addition of a third constraint (3.10) is necessary for the two-form.
Gauging the central charge with a variant vectortensor multiplet
So far a standard vector multiplet, with the property ∆V A = 0, has been used to gauge the central charge. There is an alternative approach first developed in flat superspace [24, 25] , which not only gauges the central charge but can be used to describe a "new" non-linear VT multiplet, which we will refer to as the variant VT multiplet.
Gauge one-form
To gauge the central charge, we introduce a new one-form, V = E A V A , which is not annihilated by the central charge. We use it to define the covariant derivatives
Their (anti-)commutation relations are
where the torsion and curvature remain the same, and
3)
The field strength can then be shown to satisfy the Bianchi identity
As in subsection 2.2, the Bianchi identity may be written in a 5D way with the use of calligraphic indices
where now we define
Note that since we want the gauge potential to not be annihilated by the central charge, F zA is non-zero. Furthermore, as a consequence the central charge does not commute with
We may then impose constraints on the field strength and analyze the consequences of the Bianchi identities. Inspired by the constraints for the vector multiplet we choose the "natural" constraints on the field strength
where M is not annihilated by the central charge. The Bianchi identities then lead to constraints on M 9) and the remaining components
The components satisfy the Bianchi identities
We note that although the central charge does not commute with the gauge covariant derivatives due to F z i α , the operatorM ∆ commutes with ∇ The superfield M contains too many degrees of freedom. In order to describe a theory of multiplets with 8 + 8 degrees of freedom (like the VT multiplet) we must fix some of them. From now on we constrain the theory by making the choice 9 M =Ze iL . (4.13)
In the rigid supersymmetric limit with Z = 1 this corresponds to the choice made in [25] . However it does not completely determine the multiplet and additional constraints will be imposed with the use of the one-form and a two-form geometry. So far the components of F are
where the superfield L is constrained by
The last few Bianchi identities may be shown to be identically satisfied with the help of the identities
An interesting observation, discussed in subsection 3.1, was that the second constraint (3.4) can be motivated from the first constraint (3.3) by a consistency requirement. One would expect a similar situation for the variant VT multiplet. Starting with the condition that L is independent of the harmonics
we apply successive gauged covariant derivatives. Their (anti-)commutation relations lead to the consistency requirement 19) which is clearly satisfied by the second constraint in (4.16). In the above we have made use of the following identity:
The constraints imposed still do not define an irreducible multiplet, and an additional constraint is required. This issue will be addressed in the next subsection.
Gauge two-form
Building on the insight gained from the standard VT multiplet we will impose an additional constraint with the use of a gauge two-form. We introduce the three-form field strength for the variant VT multiplet
where B is the gauge two-form and FÎ = (F, F I ) is a set of vector field strengths with corresponding gauge one-forms VÎ = (V, V I ). 10 The three-form field strength H then satisfies the Bianchi identity
Note that due to the Bianchi identities satisfied by F AB = T AB z , introducing terms like F F or F F on the right hand side of (4.22) (and their corresponding terms in (4.21)) only shifts the H zAB components and does not impose additional constraints. We now impose similar constraints to that for the standard VT multiplet 23) whereH is only required to be a real superfield. The Bianchi identities then lead to the additional constraint
4.24) and constrain the lower mass-dimension components to be
The higher mass-dimension components are then found to be
The last few Bianchi identities
can be shown to be identically satisfied.
This completes our construction of the variant VT multiplet and its Chern-Simons couplings to vector multiplets in N = 2 supergravity.
Discussion
In this paper, we have obtained several results. Firstly, we have constructed a superform formulation for the general VT multiplet system given in [17] (and later lifted to superspace [18] ). A remarkable feature of this formulation is that the constraints of [18] were shown to be reproduced from a rather simple looking superform structure and constraints on field strengths. Furthermore the first two constraints of [18] , equations (3.3) and (3.4), were shown to follow from the one-form geometry with the additional constraint (3.10) being related to the existence of the two-form coupled to the one-form with the use of Chern-Simons couplings. These results highlight the geometric origin of the complex expressions in [17] .
Our second main result is the new procedure to gauge the central charge in conformal supergravity -namely, by making use of a variant VT multiplet, which has as its basic property a gauge potential with nontrivial action under the central charge. Its one-form geometry generalizes that of the vector multiplet. An additional constraint following from a two-form formulation is used to constrain the number of component fields to that of a VT multiplet. The constraints can be written in a neat form and include the presence of Chern-Simons type couplings to vector multiplets. Furthermore, the variant VT multiplet in the rigid supersymmetric limit and with η 1I = η IJ = 0 reduces to the results found in [24, 25] .
11 Moreover it is conceivable that the new procedure of gauging the central charge will lead to new couplings of multiplets to supergravity.
12
One of the advantages of the superform formulation is that the component one-form and two-form are built into the theory ab initio. It follows that the supersymmetry transformations close on the component fields, which appear in the component projection of the superforms. Making use of the component reduction methods of [18] one can then reproduce the component results of [17] straightforwardly via component reduction. As a result the superform formulation proves to be a powerful tool in describing multiplets in supergravity.
In order to describe the dynamics of the variant VT multiplet we require an action. The action for the VT multiplet of [17] may be constructed with the use of a composite linear multiplet 13 , worked out in terms of superfields in [6, 18] . For the case of the variant VT multiplet, it is already known that in the flat case the linear multiplet must be modified [25] . Motivated by the flat case, one expects that in supergravity we need a real isospinor superfield, L ij , satisfying a modified constraint
The reason for this modification will be discussed in [30] .
11 The constraints of [25] differ by a constant shift in L.
12 This issue will be further discussed in [30] . 13 It is known how to do this in the case of harmonic superspace [29] .
In order to obtain the action corresponding to the variant VT multiplet we need to find a composite L ij built from the basic superfields. Considering the constraints we can immediately write down a candidate for the Lagrangian
However in the flat case (and with η 1I = η IJ = 0) this can be shown to correspond to the total derivative Lagrangian in [25] . It was noted in [25] that the Lagrangian found from considering an ansatz possessed a particular symmetry. This is to be expected since the constraints remain invariant under the shift L → L + 2π and so we expect the action to also possess such a symmetry. Thus a shift by 2π can only shift the Lagrangian by a total derivative. 14 This leads one to consider a candidate for the Lagrangian of the form
where · · · represents terms that are invariant under the shift. Then one can show that the 'linearity' condition (5.1) fixes the remaining terms
This Lagrangian is a new result and corresponds to the variant VT multiplet with ChernSimons type couplings in supergravity, reducing in the flat case (and with η 1I = η IJ = 0) to the result found in [25] . The corresponding action principle will be discussed in a separate paper [30] .
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A Conformal superspace
This appendix contains a brief summary of conformal superspace of [20] . The Grassmann variables θ µ ı andθ ıμ are related to each other by complex conjugation:
The structure group is chosen to be SU(2, 2|2) and the covariant derivatives
(A.1) The generators act on the covariant derivatives as
Finally, the algebra of K A with ∇ B is given by
where all other (anti-)commutations vanish.
Bianchi identities remain as consistency checks. However it can be seen that beyond a certain point the remaining Bianchi identities are identically satisfied. 16 To see this we start with a p-form, H, with a gauge potential B
This superform then satisfies the Bianchi identity
where we adopt the 5D notation discussed in the the paper and we allow for the possibility that the central charge may be gauged with a vector multiplet or a variant VT multiplet. Denoting
we want to check that I = 0. Its Bianchi identity can be rewritten as
Suppose now that all Bianchi identities for H are satisfied except for those corresponding to I a 1 ···a p−1 zα , I a 1 ···apα , I a 1 ···apz , I a 1 ···a p+1 , (B.5)
i.e. all lower mass-dimension components of I vanish. Then setting Thus it follows that the remaining Bianchi identities are identically satisfied. A generalization to the Bianchi identities of the two-form geometry for both the VT multiplet and the variant VT multiplet discussed in the paper is straightforward.
C A 5D interpretation
The observation in subsection 2.2 suggests that it is natural to think of the central charge as an additional covariant derivative. In flat central charge superspace, Ref. [10, 11, 13] showed that the central charge may be thought of as a derivative with respect to an additional bosonic coordinate, z, and thus we may interpret the central charge as a transformation along z. The generalization to supergravity was discussed in [21] , where it was used to describe a particular VT multiplet. Here we discuss a similar construction for the case of a real central charge.
In addition to the superspace coordinates, z M = (x m , θ We can then introduce a supervielbein,
where E A M is the usual vierbein and E z is added for the sector corresponding to the central charge. We then introduce the covariant derivatives
where the connection Φ A takes values in the structure group of the superconformal formulation of [18] . The connection Φ A may also in principle contain phase transformations in the central charge sector [31] , however we will assume this is not the case. The supergravity transformations are then generated by local transformations of the form
where the parameters satisfy the usual reality conditions.
The covariant derivative algebra is of the form
Now we define a gauge one-form, V = E A V A , with transformation law
where Γ is the gauge parameter associated with V. Its two-form field strength, F = where Λ generates the gauge transformation of B. Its three-form field strength, H, is H :=dB − ηVF , (C.10)
The Bianchi identities are then
The component expressions for the Bianchi identities above are formally the same as those derived in the paper under particular identifications. However, the superspace structure contains too many component fields and must be constrained via a choice of constraints. A choice of constraints may be motivated by the structure of 4D curved superspace with gauged central charge (for the vector and variant VT cases). We will leave the analysis of the constrained geometry for a discussion elsewhere.
